compounds, but not to the standards themselves. Responses to impurities can easily go unnoticed due 27
to two main factors. First, the sensitivity of receptors to key ligands may be greater than that of 28 analytical chemistry instruments used to check sample purity. Second, the concentration of highly 29 volatile impurities in an odour puff may be orders of magnitude higher than the main component of 30 a sample, due to the large differences in vapour pressures between the impurities and the main 31
component. Issues concerning impurities are not limited to studies on olfaction that use odour puffs 32
to characterize receptor-ligand interactions, but may affect all studies on chemosensation, from 33 molecular biology and in-silico predictions to behaviour. Purity, which is crucial in receptor-ligand 34 studies, is always implied, but rarely checked rigorously. To avoid misinterpretations, a proper 35 account of all compounds present in test stimuli and an unequivocal confirmation of ligand affinity 36 should accompany chemosensory studies. 37
The field of chemosensory sciences has progressed rapidly through molecular, genetic, and 38 neurophysiological advances that permit the unravelling of the full sequence from perireceptor events to 39 receptor-induced intracellular responses, downstream neuronal signalling and processing in the brain, and 40 ultimately behavioural output [4] [5] [6] [7] [8] . A commonplace assumption in these studies is that standards used as 41 chemosensory stimuli are pure, or alternatively, that observed responses are the result of interactions 42 between the receptor and the nominal authentic standard. 43
44
In routine evaluations of D. melanogaster olfactory receptor (OR) affinities, we observed that AB4a 45 neurons housed in antennal basiconic sensilla responded differently than anticipated. This neuron and its 46 endogenous receptor DmOR7a are reported to be broadly sensitive to short-chain six-carbon aldehydes, 47 lost activity with repeated puffs (Extended Data Fig. 1c , and Extended Data Fig. 2c ). This was unexpected, 51 because these long-chain compounds have low vapour pressures and would be expected to deliver a 52 relatively constant stimulus dose over numerous puff cycles [11] [12] [13] . Indeed, such declines were not observed 53 (Extended Data Fig. 1a,b ) when using the same protocol to stimulate the pheromone receptor of B. mori, 54
BmOR1
14 (exogenously expressed in D. melanogaster T1 neurons, T1 BmOR1 ) with bombykol, or when 55 stimulating wildtype T1 neurons (expressing its cognate receptor DmOR67d 15 ) with its ligand, the long-56 chain Drosophila pheromone cis-vaccenyl acetate ((Z)-11-octadecenyl acetate; cVA). 57
Furthermore, AB4a neurons responded equally well to bombykol on a filter paper or in paraffin oil 11 
58
(Extended Data Fig. 3a) . This was counterintuitive, because non-volatile paraffin oil should retain 59 bombykol, a long-chain aliphatic compound, and significantly reduce volatilization and hence stimulus 60 intensity compared to bombykol applied to filter paper 11, 13 . Indeed, responses of antennal trichoid T1 61 (sensitive to cVA) and T1 BmOR1 neurons (sensitive to bombykol) were significantly attenuated when 62 stimulated with air puffed over dilutions of cVA or bombykol dissolved in paraffin oil versus on filter paper 63 (Extended Data Fig. 3b, c) . 64
This cast doubt on whether the above-mentioned compounds were indeed ligands for AB4a neurons. To 65 more rigorously test this, we used coupled gas chromatography-electroantennographic detection (GC-66 EAD), which separates the injected sample into its individual components and sequentially passes these 67 over the antennal preparation. Thus, each antennal response can be unequivocally attributed to a defined 68 peak, which generally represents a single pure compound. We found that the cleanly separated bombykol 69 peak did not induce antennal depolarization in wildtype fly antennae ( 5 ). The GC-EAD setup was clearly functioning properly because antennae of male B. mori responded 72 strongly to bombykol (Fig. 1c) , as did antennae of D. melanogaster expressing the bombykol receptoreither of the Z9T samples. Z7T is a male cuticular pheromone of D. melanogaster 17, 18 and present in much 101 higher amounts than Z9T
18
, but was excluded in the electrophysiological evaluations of the above-102 mentioned study 1 . Finally, we assessed whether AB4a neurons responded to biological samples containing 103 Z9T: odour puffs from a cartridge loaded with a cuticular extract from 350 (mixed sex) or 70 Drosophila 104 (separated sexes) containing up to ~15 µg of Z9T, did not elicit significant responses (Extended Data Fig.  105 9). None of the above observations fit with a Z9T-mediated role for AB4a neurons in aggregation and 106 oviposition 1 , but instead show that AB4a neurons respond to impurities in synthetic Z9T samples, rather 107 than to Z9T itself. 108
In the above analyses, each of the synthetic samples contained approximately 5% impurities constituting 109 numerous tiny peaks (e.g. Fig. 1, Fig. 4) , and sensory neurons appeared extraordinarily sensitive to some 110 of these trace impurities, even when below the GC detection threshold (~ 1 picogram 11, 13 ). Thus, standard 111 GC analysis may not suffice for detection of confounding impurities in samples. 112
The problem may be compounded when samples are puffed over antennal preparations. During 113 puffing, the transition of compounds from the liquid to the vapour phase is largely dependent on their 114 vapour pressures 11, 13 . Accordingly, the relative proportions of compounds in the vapour may be massively 115 different than their proportions in the liquid phase. For example, because the calculated vapour pressure of 116 E2H at 25ºC is 629 Pa, versus 7.59 x 10 -4 Pa for bombykol (Supplementary Table 5 , Extended Data Fig.  117   10 19 ), the headspace above a sample of bombykol containing 0.1% E2H would contain far more E2H than 118 bombykol. Consequently, the composition of the bulk sample may be entirely unrepresentative of the 119 composition of the headspace used for stimulation. Indeed, the headspace of bombykol, Z9T, LLA and 120 cVA, sampled with Solid Phase Microextraction (SPME) 20 , was dominated by numerous volatile impurities 121
It is common practice in chemoreceptor studies to prepare panels of chemical species at fixed amounts or 125 concentrations so to assign ligands to receptors, sensory neurons, processing networks and behaviour 9, 11 . In 126 addition to the potentially confounding impurities present in synthetic standards, we emphasize that the 127 precise amount and ratio of molecules reaching the target might vastly differ from the prepared/intended 128 amount 11 if factors such as different vapour pressures or solubility are neglected. 129
Importantly, impurities can affect chemosensory studies even when a compound has been unequivocally 130 linked to a target neuron. For instance, in our study, all the synthetic samples contained impurities that 131 induced responses in sensory neuron types other than AB4a neurons (see Fig. 4a and Extended Tables 1-132   4 9 ). The above samples thus stimulated non-target sensory neurons with unknown effects on downstream 133 neural integration and behavioural output 21 .
134
In the present study, a single neuron-receptor combination, AB4a-DmOR7a, served to illustrate how the 135 or on freshly collected mulberry foliage. Larvae were kept in a climatic chamber (26±1 ºC, 65±5% RH, 16h 375 light: 8h dark photoperiod) and moved to new boxes every 2-3 days with fresh food. Pupae were removed 376 and placed in boxes lined with paper until eclosion. 377 378
Chemicals and stimuli 379
Synthetic compounds were acquired from mostly commercial sources with the highest purity available. 380 (10E,12Z)-10,12-Hexadecadien-1-ol (bombykol, purity >95%), (10E,12Z)-10,12-hexadecadien-1-al 381 (bombykal, purity >95%), and (Z)-11-octadecenyl acetate (cis-vaccenyl acetate, cVA) were obtained from 382
Pherobank (Wijk bij Duurstede, The Netherlands). (Z)-9-Tricosene was purchased from Sigma-Aldrich 383
(Bellefonte, PA, USA) (purity >97%) and Alfa-Aesar (Haverhill, MA, USA) (purity 96%). Other 384 chemicals, including alkane standards for calculation of retention indices (purity ≥99% each), mineral oil 385 (CAS: 8042-47-5), (9Z,12Z)-9,12-octadecadienoic acid (linoleic acid, LLA, purity 99%) and (E)-2-hexenal 386 (98% purity) were obtained from Sigma-Aldrich.
(Z)-7-Tricosene was synthesized as follows: sodium hexamethyldisilazide (NaHMDS, 0.75 M in 388 tetrahydrofuran,THF) was added to a slurry of hexadecyltriphenylphosphonium bromide (3.98 g, 7 mmol) 389 in THF at 0ºC under argon until an orange color persisted, followed by addition of another 9.3 ml (7 mmol) 390 of NaHMDS solution. The resulting mixture was stirred 1 h at 0ºC, then cooled to -78ºC in a dry ice-391 acetone bath, and heptanal (0.74 g, 6.5 mmol) in 4 ml THF was added dropwise. The mixture was allowed 392 to warm to room temp over several hours, then quenched with dilute aqueous NH 4 Cl, and extracted with 393 hexane. The hexane extract was washed with water and brine, dried over anhydrous Na 2 SO 4 , and 394 concentrated. The residue was triturated with hexane, and the soluble portion was purified by vacuum flash 395 chromatography on silica gel, eluting with hexane. The purified product was then recrystallized from 396 acetone at -20ºC overnight, yielding 1.34 g of a white solid which melted at ~0ºC. The recrystallized product 397 contained about 3% of the (E)-isomer. 398
For fly extracts, flies were first freeze-killed (~10 min at -20°C) and then placed into a clean 1.5 399 ml glass vial to which 3 µl of hexane were added per fly (e.g. 1050 µl for 350 flies) at room temperature. 400
The glass was gently shaken for 5 min once a minute and the resulting cuticular extract was transferred to 401 another glass vial. The extract was concentrated by letting the excess hexane evaporate under a gentle 402 nitrogen flow until ~100 µl of the extract remained. The remaining extract was transferred to a 300 µl glass 403 insert, to carefully further concentrate the extract down to 30 µl. The same procedure was followed for the 404
control (hexane without flies). 405
Stimuli were diluted in either n-hexane (Merck, purity ≥99%) or in mineral oil, and 10 µl (30 µl 406
for fly extracts and their controls) of solutions were applied to filter paper disks (12.7 mm Ø; Schleicher 407
& Schnell GmbH, Dassel, Germany) placed inside Pasteur pipettes. Sodium borohydride (Sigma-408
Aldrich, purity>=96%) was used to reduce the aldehydes present in the batches of 2-hexenal and bombykol 409 to the corresponding alcohols (e.g. (E)-2-hexenal to (E)-2-hexenol) by adding 25 µl of a saturated solution 410 of NaBH 4 in ethanol (≥99.9%; Sigma-Aldrich) to 25 µl of hexane solutions of either bombykol (2 mg) orsuccessful reduction of the aldehydes by GCMS analysis. Controls consisted of hexane solutions of 414 bombykol and 2-hexenal which were treated only with EtOH. For GCMS assisted verification of (Z)-2-415 hexenal a solution of (Z)-2-hexenol (0.1 g, 1 mmol) in 5 ml CH 2 Cl 2 was cooled in an icebath, and finely 416 powdered pyridinium dichromate (0.56 g, 1.5 mmol) was added in one portion. The mixture was stirred 417
for 2 h at 0ºC, then diluted with 15 ml ether and filtered through a plug of celite filtering aid. The resulting 418 crude product contained an ~1:1 ratio of the (Z)-and (E)-isomers, as determined by comparison of the 419 retention time of the second isomer with that of an authentic standard or (E)-2-hexenal. Headspace collections, gas chromatography (GC), coupled gas chromatography-mass spectrometry 434
(GC-MS) and identifications 435
Headspace volatiles were collected for 20 min at room temperature using a solid-phase microextraction 436 (SPME, 50/30 μm DVB/CAR/PDMS StableFlex fiber, Supelco/Sigma-Aldrich, Bellefonte, PA) inserted 437 into a 1.5 mL screwcap vial either empty (control) or loaded with 10 µl of the standard being sampled. The 438 fibre was cleaned before use by desorption for 10 min in a 250°C GC injector port. The pre-samplingheadspace equilibration time was 10 min. Volatiles collected on the fibre were thermally desorbed directly 440 into the splitless injector of the GC or GC-MS for 0.5 min at 250°C. 441 
GC, GC-EAD, GC-SSR, and GC-MS usually employed a HP-5 capillary column (GC-EAD

Vapour pressure calculations 460
The vapour pressure values were estimated at 25°C, calculated according to the instructions and methods 461 described in Yaws (2015) 18 . When calculation estimation requirements or missing experimental data did 462 not allow this, estimates were calculated using EPI Suite™ (v4.11, June 2017), a freely available software Table 1 Impurities found in a synthetic standard of bombykol ((10E,12Z)-10,12-hexadecadienol ) by GCMS analysis of headspace volatiles collected by solid phase microextraction. Compounds which were also detected in the control (glass vial without a sample) were excluded if they were not found within treatments in substantially higher amounts (> 200%). Shown are measured Kováts retention indices (RI), percent relative to the most abundant compound, and percent relative to (E)-2-hexenal in the sample. Only compounds which either elicited a reproducible electrophysiological response, or occurred in amounts greater than 5% relative to the main compound peak area were included in the table. The asterisk indicates the compound that was mainly responsible for eliciting responses from the D. melanogaster AB4a neuron. Compounds were tentatively identified by matches with NIST database spectra, and where possible, identifications were confirmed by matching retention times and mass spectra with those of authentic standards.
Positive GC-EAD and GC-SSR responses are indicated; responses in red were also observed with injected samples of bombykol (1 µg). Listed in addition are chemoreceptors reported (DoOR 2.0 database 9 ) to respond most strongly to a given compound. The reported response level, ranging from 0 (no response) to 1 (max excitation), is indicated within brackets. Compounds which were also detected in the control (glass vial without a sample) were excluded if they were not found within treatments in substantially higher amounts (> 200%). Shown are measured Kováts retention indices (RI), percent relative to the most abundant compound, and percent relative to (E)-2-hexenal in the bombykol sample (table 1) . Only compounds which either elicited a reproducible electrophysiological response, or occurred in amounts greater than 5% relative to the peak area of the main compound were included in the table.
The asterisks indicate the compounds that were mainly responsible for eliciting responses from the D. melanogaster AB4a neuron. Compounds were tentatively identified by matches with NIST database spectra, and where possible by comparison with authentic standards. Positive GC-EAD and GC-SSR responses are indicated; responses in red were also observed with injected samples of linoleic acid (1 µg). Listed in addition are chemoreceptors reported (DoOR 2.0 database 9 ) to respond most strongly to a given compound. The reported response level, ranging from 0 (no response) to 1 (max excitation), is indicated within brackets. Table 3 Impurities found in a synthetic standard of (Z)-9-tricosene by GCMS analysis of headspace volatiles collected by solid phase microextraction. Compounds which were also detected in the control (glass vial without a sample) were excluded if they were not found within treatments in substantially higher amounts (> 200%). Shown are measured Kováts retention indices (RI), percent relative to the most abundant compound, and percent relative to (E)-2-hexenal in the bombykol sample (Table 1) . Only compounds which either elicited a reproducible electrophysiological response, or occurred in amounts greater than 5% relative to the peak area of the main compound were included in the Table 1 . For each compound, the Kováts retention index (RI) and the fifteen most abundant fragments by their mass to charge numbers are given, followed by each fragment's abundance relative to the base peak at 100% abundance. Table 2 . For each compound, the Kováts retention index (RI) and the fifteen most abundant fragments by their mass to charge numbers are given, followed by each fragment's abundance relative to the base peak at 100% abundance. 
Supplementary Table 2 Mass to charge ratios of ions from linoleic acid impurities listed in Extended Data
